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We studied alignment-to-orientation conversion caused by excited-state level crossings in a nonzero
magnetic field of both atomic rubidium isotopes. Experimental measurements were performed on the
transitions of the D2 line of rubidium. These measured signals were described by a theoretical model
that takes into account all neighboring hyperfine transitions, the mixing of magnetic sublevels in
an external magnetic field, the coherence properties of the exciting laser radiation, and the Doppler
effect. In the experiments laser induced fluorescence (LIF) components were observed at linearly
polarized excitation and their difference was taken afterwards. By observing the two oppositely
circularly polarized components we were able to see structures not visible in the difference graphs,
which yields deeper insight into the processes responsible for these signals. We studied how these
signals are dependent on laser power density and how they are affected when the exciting laser is
tuned to different hyperfine transitions. The comparison between experiment and theory was carried
out fulfilling the nonlinear absorption conditions.
PACS numbers: 32.80.Xx, 32.60.+i
I. INTRODUCTION
The frequency, direction, and polarization of light
emitted from an ensemble of atoms is a sensitive probe
of their quantum state [1]. Changes in polarization
such as, for example, rotation of the plane of polariza-
tion, are used to develop sensitive magnetometers [2].
Other uses of nonlinear magneto-optical resonances in-
clude electromagnetically induced transparency [3], in-
formation storage using light [4, 5], atomic clocks [6],
optical switches [7], filters [8], and isolators [9].
When linearly polarized light interacts with an ensem-
ble of atoms, it usually aligns the angular momentum of
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FIG. 1. Fine and hyperfine energy-level splittings for the D2
transitions of 85Rb and 87Rb.
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the atoms in the excited state as well as in the ground
state. Angular momentum alignment can be symbolically
represented by a double-headed arrow. If the angular mo-
mentum of the atoms is aligned along the quantization
axis (longitudinal alignment), the populations of mag-
netic sublevels with quantum number +mF and −mF
are equal, but the population may vary as a function of
|mF |. But if the angular momentum is aligned perpen-
dicularly to the quantization axis (transverse alignment),
then, in quantum terms, it means that there is coherence
between magnetic sublevels with quantum numbers that
differ by ∆mF = 2 (see Fig. 2).
In a similar way we can introduce longitudinal and
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FIG. 2. Absorption from the ground-state hyperfine magnetic
sublevel mFg and creation of ∆mF=1 and ∆mF=2 coherences
in the excited state when the magnetic field B = 0.
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2transverse orientation of angular momentum. In the case
of orientation of the angular momentum, the spatial dis-
tribution can be represented symbolically by a single-
headed arrow, and in the case of longitudinal orientation,
the magnetic sublevels with quantum numbers +mF and
−mF in general have different populations. However,
the case of transverse orientation corresponds to coher-
ence between magnetic sublevels with values that differ
by ∆mF = 1 (see Fig. 2).
The fluorescence from an aligned ensemble of atoms
is expected to be linearly polarized, but in the case of
oriented atoms, the fluorescence will possess a circularly
polarized component as well.
Alignment created by linear polarized excitation can be
converted to orientation by external interactions such as
a magnetic field gradient [10] or anisotropic collisions [11–
13]. This process is called alignment-to-orientation con-
version (AOC)[14]. Interaction with an electric field also
can produce orientation from an initially aligned popu-
lation [15]. A magnetic field by itself cannot create ori-
entation from alignment because it is an axial field that
is symmetric under reflection in the plane perpendicular
to the field direction. However, the hyperfine interac-
tion can cause a nonlinear dependence of the energies of
the magnetic sublevels on the magnitude of the magnetic
field—the nonlinear Zeeman effect (see Fig. 3 and Fig.
4), and this nonlinear dependence can break the symme-
try. If, in addition, the linearly polarized exciting radia-
tion can be decomposed into linearly (pi0) and circularly
(σ±) polarized components with respect to the quantiza-
tion axis (see Fig. 5), then ∆mF = 1 coherences can be
created, which leads to orientation in a direction trans-
verse to the initial alignment. AOC in an external mag-
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FIG. 3. (Color online) Energy shifts of the magnetic sublevels
mF as a function of magnetic field for
85Rb. Zero energy cor-
responds to the excited-state fine-structure level 52P3/2. The
numbers above the lines correspond to the values of mF . Level
crossings are marked by squares for ∆mF = 1 and circles for
∆mF = 2.
En
erg
y s
hif
t (
M
Hz
)
−400
−200
0
200
400
−400
−200
0
200
400
Magnetic field (G)
0 50 100 150
0 20 40 60 80 100 120 140
F = 3
F = 2
F = 1
F = 0
+3 +2
+1
0
-1
-2
-3
+2 0
-1-2 0
+1
-1
FIG. 4. (Color online) Energy shifts of the magnetic sublevels
mF as a function of magnetic field for
87Rb. Zero energy cor-
responds to the excited-state fine-structure level 52P3/2. The
numbers above the lines correspond to the values of mF . Level
crossings are marked by squares for ∆mF = 1 and circles for
∆mF = 2.
netic field was first studied theoretically for cadmium [16]
and sodium [17], and observed experimentally in cad-
mium [18] and in the D2 line of rubidium atoms [19].
Also the conversion in the opposite sense—conversion of
an oriented state into an aligned—is possible [20]. Nev-
ertheless, the action of external perturbations can break
the symmetry of the population distribution and allow
linearly polarized exciting radiation to produce orienta-
tion, which is manifested by the presence of circularly
polarized fluorescence.
Earlier, AOC in rubidium atoms was studied at exci-
tation with weak laser radiation in the linear absorption
regime [21]. The perturbing factor in that case was the
joint action of the hyperfine interaction and the exter-
nal magnetic field, which led to nonlinear splitting of the
Zeeman magnetic sublevels. The magnetic sublevels of
the angular momentum hyperfine levels in Rb atoms in
an external magnetic field start to be affected by the non-
linear Zeeman effect already at moderate field strengths
of several tens of Gauss.
However, many practical and experimental applica-
tions require higher intensity excitation, in which case
the absorption becomes nonlinear. As a result, the theo-
retical description is no longer simple and requires sophis-
ticated methods in order to predict changes in the degree
of circular polarization, which reaches maximum values
on the order of only a few percent. Therefore, we have
applied a theoretical model developed for the description
of such magneto optical-effects like dark and bright res-
onances, to describe experimental signals of AOC in the
D2 line of rubidium. Because the splittings between the
excited-state hyperfine levels are of the order of tens of
megahertz for both rubidium isotopes (see Fig. 1), the D2
3line is a very good candidate for demonstrating AOC phe-
nomena at relatively low magnetic fields. The model sat-
isfactorily calculates the degree of polarization for mag-
netic fields up to at least 85 Gauss, making it a powerful
tool for experiments that deal with these effects.
We studied the AOC phenomenon experimentally by
exciting the D2 line of rubidium with linearly polarized
light for the case of nonlinear absorption and modeled the
line shapes of the resulting magneto-optical signals the-
oretically. Both circularly polarized components of the
fluorescence were recorded in the experiment rather than
just the difference as was done earlier [21]. Moreover, in
the present study the magnetic field range was markedly
extended in comparison to previous studies [21], which
allowed us to reveal additional signal structure.
II. EXPERIMENT
Rubidium atoms in a vapor cell were excited with
linearly polarized light whose polarization vector made
a 45◦ angle with an externally applied magnetic field.
Laser induced fluorescence (LIF) was observed in the di-
rection perpendicular to the plane containing the mag-
netic field B and the electric field vector E of the excit-
ing radiation (see Fig. 5) [22]. The fluorescence in the
observation direction passed through a two-lens system.
Between the two lenses, a zero-order quarter-wave plate
(Thorlabs WPQ10M-780) converted circularly polarized
light into linearly polarized light. Next, a linear polar-
izer served as an analyzer, which allowed one or another
circularly polarized fluorescence component to pass, de-
pending on the relative angle between the analyzer axis
and the fast axis of the quarter-wave plate.
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FIG. 5. (Color online) Excitation and observation geometry.
The experimental apparatus is shown schematically in
Fig. 6. Rubidium atoms from a natural isotopic mixture
were contained in a cylindrical Pyrex cell (length and di-
ameter both 25 mm) with optical quality windows. The
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FIG. 6. (Color online) Top view of the experimental setup.
Although in the top view it appears that the beam is parallel
to the y axis, in fact it enters the coils at an angle of 45◦ with
respect to y axis in the yz plane
rubidium cell was located at the center of three pairs
of mutually orthogonal Helmholtz coils. The magnetic
field was scanned in the z-direction, while the two re-
maining coils were used to compensate the ambient static
magnetic field. We estimate that the ambient magnetic
field was compensated to better than 0±20 mG. In order
to scan the magnetic field in both directions, a bipolar
power supply (Kepco BOP-50-8-M) was used, reaching
magnetic field values of 85 G in both directions.
The laser used in these experiments was a Toptica DL
Pro grating-stabilized, tuneable, single-mode diode laser.
The frequency of the laser excitation was stabilized by
generating a saturated absorption spectrum and locking
the laser frequency to a saturated absorption peak in
this signal using a Toptica DigiLock 110 feedback control
module. The frequency was additionally monitored by a
HighFinesse WS/7 Wavemeter. The temperature and
current of the laser were controlled by Toptica DTC 110
and DCC 110 controllers, respectively.
The diameter of the beam was 1.90 mm at the full
width at half maximum (FWHM) as determined from
the Gaussian fit obtained by a beam profiler (Thorlabs
BP104-VIS). The ellipticity of the laser beam was com-
pensated by an anamorphic prism pair. The laser power
was changed using neutral density filters placed before
the linear polarizer. The LIF of the two opposite cir-
cularly polarized light components was collected on a
photodiode (Thorlabs FDS100). Each component was
measured separately and multiple scans were acquired
and averaged before switching the analyzing polarizer in
order to measure the orthogonally polarized component.
The signal was amplified by a transimpedance amplifier
based on a TL072 op-amp with a gain of 106 followed by
a voltage amplifier with a gain of 104 (Roithner multi-
board). The signals were stored after each scan on a PC
4using an Agilent DSO5014A oscilloscope. A residual mis-
alignment in the experimental setup introduced a slight
asymmetry in the signal, but it could be eliminated by
averaging the signals recorded for positive and negative
values of magnetic field.
In order to compare experiment with theory, both com-
ponents were normalized to the maximum of the σ+ com-
ponent, making it possible to compare the relative inten-
sities of the two components in arbitrary units. The back-
ground was measured in two different ways: by detuning
the laser frequency from resonance and by blocking the
laser beam. Both produced equal results. In the fitting
process a constant background was introduced, which
was close to the experimentally measured background.
The experimental results were very sensitive to any slight
misalignment of the analyzing polarizer that could dis-
tort the measured strengths of each circular polarization
component. Therefore, to find the best agreement be-
tween experiment and theory, a parameter was varied
that represented the relative strength of each experimen-
tally measured fluorescence component. This factor was
usually around 10% and never more than 22%.
III. THEORETICAL MODEL
A well-tested model based on optical Bloch equa-
tions (OBEs) that are solved for steady state excitation
conditions is used to describe the experiment theoreti-
cally. The ensemble of rubidium atoms is described by
a quantum density matrix ρ that is written in the basis
ξ, Fi,mFi , where Fi denotes the quantum number of the
total atomic angular momentum including nuclear spin I
for either the ground (i = g) or the excited (i = e) state,
mFi is the magnetic quantum number and ξ stands for
all the other quantum numbers that are irrelevant in the
context of our experiment. Thus, the general OBEs [23],
i~
∂ρ
∂t
=
[
Hˆ, ρ
]
+ i~Rˆρ, (1)
can be transformed into explicit rate equations for the
Zeeman coherences within the ground (ρgigj ) and excited
(ρeiej ) states, respectively. To do so, the laser radiation
is described as a classically oscillating electric field E(t)
with a stochastically fluctuating phase. Thus, the inter-
action operator can be written in the dipole approxima-
tion with dipole operator dˆ.
Vˆ = −dˆ · E(t) (2)
The interaction with the magnetic field is described by
the operator
HˆB =
µB
~
(gJJ+ gII) ·B, (3)
where J and I are, respectively, the total electronic an-
gular momentum and nuclear spin, which together make
up the total atomic angular momentum F. The quanti-
ties gJ and gI are the respective Lande´ factors, B is the
external magnetic field, µB is Bohr’s magneton, and ~ is
Planck’s constant. The matrix elements for the electric
dipole transition can be written in explicit matrix form
with the help of Wigner-Eckart theorem [24].
Thus the total interaction Hamiltonian in (1) is
Hˆ = Hˆ0 + HˆB + Vˆ , (4)
where H0 governs the internal energy of an unperturbed
atom.
The relaxation operator in (1) includes terms for the
spontaneous relaxation rate Γ and the transit relaxation
rate γ, which is the inverse of the average time an atom
takes to traverse the laser beam.
By applying the rotating wave approximation, aver-
aging over and decorrelating from the stochastic phases,
and eliminating the optical coherences as described in
detail by Blush and Auzinsh [25], the rate equations for
the Zeeman coherences are obtained:
∂ρgigj
∂t
=
(
Ξgiem + Ξ
∗
gjek
) ∑
ek,em
d∗giekdemgjρekem−
−
∑
ek,gm
(
Ξ∗gjekd
∗
giek
dekgmρgmgj+
+Ξgiekd
∗
gmek
dekgjρgigm
)
− iωgigjρgigj−
−γρgigj +
∑
ekel
Γekelgigjρekel + λδ(gi, gj) (5a)
∂ρeiej
∂t
=
(
Ξ∗gmei + Ξgkej
) ∑
gk,gm
deigkd
∗
gmejρgkgm−
−
∑
gk,em
(
Ξgkejdeigkd
∗
gkem
ρemej+
+Ξ∗gkeidemgkd
∗
gkej
ρeiem
)
− iωeiejρeiej−
−(Γ + γ)ρeiej . (5b)
The first two terms in both equations describe the popu-
lation increase/decrease and the creation of Zeeman co-
herences within the respective atomic states due to the
interaction of atoms with the laser radiation. The ele-
ments of the transition dipole matrix are given by dij
[obtained from (2)], and Ξij , which is defined below in
equation (6), gives the atom-field interaction strength.
The third term of the rate equations (5) describes the
destruction of coherence by the magnetic field, and ωij
is the energy difference between magnetic sub-levels |i〉
and |j〉 and can be obtained by diagonalizing the matrix
Hˆ0 + HˆB . The fourth term describes the population loss
and destruction of coherence caused by relaxation. The
fifth term in (5a) describes repopulation of the ground
state by spontaneous transitions and the sixth, repopu-
lation by transit relaxation. If we assume that the atomic
density matrix outside the interaction region is normal-
ized, then λ = 1ng γ, where ng is the total number of
magnetic sub-levels in the ground state.
5The quantity Ξgiej in equation (5) describes the
strength of interaction between the laser radiation and
the atoms and is expressed as follows:
Ξgiej =
Ω2R
Γ+γ+∆ω
2 + ı˙
(
ω¯ − kω¯ · v + ωgiej
) , (6)
where ΩR is the reduced Rabi frequency, used as a the-
oretical parameter that corresponds to the laser power
density in the experiment, ∆ω is the finite spectral width
of the exciting radiation, ω¯ is the central frequency of the
exciting radiation, kω¯ the wave vector of exciting radi-
ation, and kω¯v is the Doppler shift experienced by an
atom moving with velocity v.
During the experiment steady interaction conditions
were maintained. Thus, we can apply steady state con-
ditions
0 =
∂ρgigj
∂t
=
∂ρeiej
∂t
, (7)
obtaining from (5) a set of linear equations that can be
solved numerically to obtain the density matrix compo-
nents that correspond to the population and the Zeeman
coherences of the ground and excited states. Once the
density matrix is known we use the following expression
to obtain the intensity (up to a constant factor I˜0) of an
arbitrary polarized fluorescence component with polar-
ization denoted by e:
Ifl(e) = I˜0
∑
gi,ej ,ek
d∗(ob)giej d
(ob)
ekgi
ρejek . (8)
To include the effects of the thermal motion of the atoms,
we perform Riemann integration over the velocity distri-
bution by solving Eqs. (5) and evaluating (8) for each
atomic velocity group.
To fit the theoretical and experimental results we es-
timate and fine tune the following parameters: transit
relaxation rate γ, reduced Rabi frequency ΩR, and spec-
tral width of the laser radiation ∆ω.
The estimation of the transit relaxation rate is
straightforward:
γ =
vth
d
, (9)
where vth is the mean thermal velocity of the atoms pro-
jected on to the plane perpendicular to the laser beam
and d is the laser beam diameter, which in the theoretical
model is assumed to be cylindrical in shape with uniform
power density. For d = 1900 µm and T = 293 K we ob-
tain γ = 2pi · (0.018 MHz).
The Rabi frequency can be estimated theoretically as
ΩR = kR
||d|| · |ε|
~
= kR
||d||
~
√
2I
c
, (10)
where kR is some fitting parameter of order unity, ||d||
is the reduced dipole matrix element that remains un-
changed for all transitions within the D2 line [24], I is
the laser power density (directly related to the ampli-
tude of the electric field |ε|), and c is the speed of light.
In practice, the estimation is not straightforward as the
power density I is not constant across the laser beam, but
in the theoretical model only a constant average value is
used in place of the actual power distribution. Theoreti-
cal and experimental evidence suggests [26, 27] that ΩR
cannot be related to the square root of the laser power
density I by a simple constant kR for all values of the
laser power density if one merely assumes that the power
density distribution within the beam is Gaussian.
This fact has a simple explanation. Our experiment
was performed in the regime of nonlinear absorption,
which implies that for large laser intensities the ground
state population is strongly depleted. When one starts
to gradually increase laser intensity, initially the ground-
state population is only slightly changed even at the cen-
ter of the beam, where the light is most intense. When
the intensity is increased still more, the ground-state pop-
ulation at the center of the beam starts to be depleted
significantly. When the intensity is increased further,
there is little ground-state population left in the beam
center, and the region of population depletion expands
to the “wings” of the Gaussian laser power density dis-
tribution, which can extend a significant distance from
the laser beam’s center.
As a consequence, although the theoretical proportion-
ality of ΩR to the square root of laser power density holds,
for weaker laser radiation the main contribution to the
signal comes from the central parts of the laser beam
where we have the strongest power density. In contrast,
for stronger laser radiation the role of the peripheral parts
of the laser beam, where the radiation power density is
smaller, starts to play a larger role in the absorption pro-
cess, because only there the ground-state population is
still significant. In each of these cases the radiation power
density in different parts of the beam plays a dominant
role in the absorption process and should be related to
value of the Rabi frequency that appears in the rate equa-
tions for the density matrix. Thus we vary the value of
coefficient kR in order to account for this effect and to
achieve better correspondence between experiment and
theory.
A value of ∆ω = 2pi · (1 MHz) was found to be an
appropriate estimate for the spectral width of the laser
and is close to the value given by the manufacturer of the
laser.
IV. RESULTS AND DISCUSSION
Before the experiments were carried out, some pre-
liminary theoretical calculations were performed in or-
der to deduce which hyperfine transition would yield
the most noticeable signals related to the AOC phe-
nomenon in both rubidium isotopes. A good measure
of the strength of the AOC effect is the degree of circu-
larity of the laser induced fluorescence, defined as (Iσ+ –
6Iσ−)/(Iσ+ + Iσ−). The theoretical calculations predicted
that the largest circularity signal (4%) would be observed
for 85Rb when excited from the second ground-state hy-
perfine level Fg = 2 to the second excited-state hyperfine
level Fe = 2. As seen in Fig. 7, because of Doppler broad-
ening, the signal did not depend significantly on which
excited-state hyperfine level was excited when the exci-
tation took place from the ground-state hyperfine level
with Fg = 2. The observable circularity for the other
transitions was predicted to be 1% or less. For the case
of 87Rb, the Fg = 1 −→ Fe = 1 transition was selected,
because the predicted circularity degree was 1%, whereas
for excitation from the other ground-state hyperfine level
Fg = 2, the circularity degree was predicted to be less
than 1%. Therefore we concentrated our experimental
efforts on the Fg = 2 −→ Fe = 2 transition of 85Rb and
the Fg = 1 −→ Fe = 1 transition of 87Rb.
Figure 8 shows a typical result for the Fg = 2 −→
Fe = 2 transition of
85Rb. Figure 8(a) and Fig. 8(b)
depict the two orthogonally circularly polarized fluores-
cence components. When the magnetic field value is zero,
all magnetic sublevels mF that belong to the same F level
in the excited and ground states are degenerate, giving
a typical dark resonance for the Fg = 2 −→ Fe = 2
transition of 85Rb [28]. As the magnetic field magnitude
increases, these sublevels shift according to the nonlinear
Zeeman effect (Fig. 3), thereby destroying the aligned
state and allowing more laser light to be absorbed, which
causes a rapid rise in the fluorescence signal. After that
the overall signal tendency is to diminish as the mag-
netic field strength increases, apart from two small peaks
at about 23 G and 44 G.
These two small peaks can be attributed to ∆mF = 2
coherences. The 23 G peak appears because the mF =
−1 sublevel of the Fe = 2 hyperfine level crosses the
mF = −3 sublevel of the Fe=3 hyperfine level (see
Fig. 3), thus creating a ∆mF = 2 coherence. The other
small peak at 44 G can be attributed to the crossing of
mF = −1 sublevel of the Fe = 3 and the mF = −3
sublevel of Fe = 4. Note that these peaks are invisible
both in the difference signal [Fig. 8(c)] as well as in the
circularity signal [Fig. 8(d)] since they cancel each other
when the difference is taken.
Besides these two small peaks in the component
graphs, there are two peaks at 7 G and 74 G in the dif-
ference and circularity graphs [Fig. 8(c) and (d)] corre-
sponding to the two broader structures in the component
graphs [Fig. 8(a) and (b)]: one around 6–10 G, and an-
other, barely visible one around 70–74 G. These peaks
can be
attributed to ∆mF = 1 coherences. The 7 G peak
appears as an increase in the signal in one component
[Fig. 8(a)] and a decrease in the other [Fig. 8(b)]. Note
that their corresponding maximum and minimum values
are relatively shifted, giving values of 6 G [Fig. 8(a)] and
9 G [Fig. 8(b)], respectively, in the component graphs.
The relative shift of these values can be explained by the
fact that this peak is related to three ∆mF = 1 and two
∆mF = 2 coherences in the range from 0 to 10 G (see
Fig. 9). As we take the difference between the two oppo-
sitely circularly polarized components, we can eliminate
the ∆mF = 2 coherences from the signal and thus see
the peaks that correspond only to the ∆mF = 1 cross-
ings. The 74 G peak in Fig. 8(c) can be explained in a
similar way. A barely visible structure in the component
graphs appears as a broad peak in the difference graph.
This peak is related to a single ∆mF = 1 crossing of the
mF = −1 sublevel of Fe = 3 and the mF = −2 sub-
level of Fe = 4, and as a result its amplitude is smaller.
The peak is broad because the mF = −1 and mF = −2
sublevels that cross are energetically close to each other
(∆E ≤ 20 MHz ) all the way from 60 G to 90 G, as can
be seen in Fig. 3.
Figure 10 shows the signal dependence on laser power
for the Fg = 2 −→ Fe = 2 transition. One can see
in the figure that as the laser power is increased, the
broad structures, attributed to ∆mF = 1 coherences in
the component graphs, become less and less pronounced.
However, they are still visible in the difference graphs
(Fig. 10, right column), although the amplitude slightly
decreases, and the sign of the difference signal becomes
negative for the ΩR = 4.50 MHz (19.6 mW/cm
2) case
(bottom right in Fig. 10).
Figure 11 shows the signal dependence on laser power
for the Fg = 1 −→ Fe = 1 transition of the D2 line of
87Rb. As the magnetic field is increased, after the ini-
tial increase of the signal due to the dark resonance at
0 G, the signal gradually diminishes. However, two small
peaks around 45 G and 57 G and a broad structure be-
tween 7 and 26 G are visible in the component graphs
(Fig. 11, left and center columns). The structures visible
in the graph of the difference signal (Fig. 11, right col-
umn) must be related to ∆mF = 1 coherences. Indeed,
the magnetic sublevels mF = 0 and mF = +1 of Fe = 1
cross at 21 G, giving rise to the broad structure from 7
to 26 G (see Fig. 12).
The small peak at 57 G is caused by the crossing of
mF = 0 of Fe = 1 and mF = −2 of Fe = 3 (see Fig. 4),
which allows ∆mF = 2 coherences to be created. As a
result, one can observe a small rise in the component LIF
signals. This peak should vanish as the difference of the
components is taken, since it is related to a ∆mF = 2
coherence. In the calculated curve it indeed vanishes,
but remains in the measured curve. Possible explana-
tions could be higher-order non-linear effects not treated
by the model or even small experimental imperfections.
The small peak at 45 G in the component graphs can-
not be attributed to any crossing in the excited or the
ground states. The fact that it is visible in the difference
graphs might suggest that it is connected to a ∆mF = 1
coherence. However, theoretical calculations show that
when the Zeeman coherences in the density matrix are
“turned off” this peak remains, which suggests that it is
not connected to any coherences. While the precise ori-
gin of the peak remains unknown, the appearance of this
peak in both theory and experiment explicitly shows two
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FIG. 7. (Color online) Signal dependence on the excited-state hyperfine level Fe to which the laser is tuned when excited from
the ground-state hyperfine level Fg = 2 of
85Rb. The left-most plot shows the difference between the two oppositely circularly
polarized components (Iσ+ − Iσ−) for the Fg = 2 −→ Fe = 1 transition, the center plot shows the difference (Iσ+ − Iσ−) for
the Fg = 2 −→ Fe = 2 transition, and the third plot (right-most) corresponds to the Fg = 2 −→ Fe = 3 transition.
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FIG. 8. (Color online) Relative intensities of the two oppositely circularly polarized fluorescence componentes (a) and (b), their
difference (c), and the circularity value (d) for the Fg = 2 −→ Fe = 2 transition of 85Rb (80 scans averaged). Arrows denote
the positions of peaks and maximum (or minimum) values of broader structures.
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things: (i) how nonlinear these signals are and (ii) how
well the theoretical model works in describing them.
For each value of the laser power density, the theoret-
ical curve which best described the results of the experi-
ment was selected. Figure 13 shows that the choices made
to achieve the best agreement were not arbitrary, but re-
sulted in values that obey the expected relationship be-
tween laser power density and Rabi frequency. The laser
power density is plotted against the square of the Rabi
frequency for which the best fit of the calculated curve
to experimental measurements was obtained. The points
should lie on a straight line, and indeed, they all fall close
to the best-fit line. We may conclude that, at least up to
these intensity values, the reduced Rabi frequency ΩR is
proportional to the square root of the intensity I.
V. CONCLUSION
We have carried out experiments with laser power den-
sities that fulfill the nonlinear absorption conditions and
developed a theoretical model that describes AOC in
these conditions. The increased magnetic fields and the
detection of individual circularly polarized light compo-
nents in the experiments let us see the structure of the
signal in more detail than before [21]. With one small
exception in Fig. 11, all details, even very small ones,
predicted by the theory were reproduced by the exper-
iment and were shown to be related to features of the
level-crossing diagrams. Their positions and relative am-
plitudes match satisfactorily. The signal dependence on
laser power density shows that as the laser power in-
creases the structures associated with ∆mF = 1 become
less pronounced in the individual component signals and
the difference signal. The signals do not show any visible
dependence on the the precise hyperfine transition that is
excited from a single ground-state hyperfine level. If the
Zeeman splitting of an unknown atom or molecule are of
interest, then the measurements of the circularity degree
will clearly show whether the splitting is linear or nonlin-
ear, because the circularity degree is nonzero only when
the magnetic splitting of Zeeman sublevels is nonlinear,
and peaks in this signal will correspond to the crossings
of magnetic sublevels. The level crossings are determined
by the magnetic field value and two constants: magnetic
moment and the hyperfine splitting constant. The anal-
ysis of level-crossing signals can help to determine these
two constants for unknown atomic or molecular systems.
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FIG. 11. (Color online) Signal dependence on laser power density for excitation of the Fg = 1 −→ Fe = 1 transition of the
D2 line of
87Rb. The plots are organized in columns: relative intensities of the two oppositely circularly polarized fluorescence
components are shown in the left and center columns and their difference in the right-most column. Arrows denote the positions
of peaks and maximum values of broader structures.
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